We show theoretically that a significant spin accumulation can occur in electric point contacts between two ferromagnetic electrodes with different magnetizations. Under appropriate conditions an inverse population of spin-split electronic levels results in stimulated emission of photons in the presence of a resonant electromagnetic field. The intensity of the emitted radiation can be several orders of magnitude higher than in typical semiconductor laser materials for two reasons.
Introduction
Typical metals are characterized by a high density of conduction electrons compared with other types of conductors. At the same time metals are linear electrical conductors in the sense that their response to an external electrical field is linear in the field strength. This means that it is very difficult to realize a highly nonequilibrium distribution of electrons in an ordinary metal. It is known, e.g., that strong electric fields inside a metal usually lead to melting due to Joule heating rather than to a significant excitation of the conduction electrons. Metal point contacts are remarkable exceptions because of a spatial separation between the small volume in which the external power is transferred to the electrons and the much larger region where this power is dissipated. This is the case for nanometer sized microconstrictions (microbridges) joining two bulk metals, where the size of the constriction volumewhere the electrical current density can be very high -is much smaller than the inelastic relaxation length of the electrons [1] [2] [3] . Unlike in bulk metals, current densities in such constrictions can reach 10 7 -10 10 A/cm 2 without any significant heating of the material [4] . Point-contact spectroscopy is a well known method for studying phonons and other excitations in metals through their interaction with the "hot" electrons created in the constriction. Electrical point contacts made of magnetic metals bring a new dimension to point-contact spectroscopy through the possibility to study the influence of the electron's spin degree of freedom on charge transport. Spin dependent tunneling and the possibility to inject "hot" spin-polarized electron's into a point-contact have opened up the possibility to locally (on the nanometer length scale) control the magnetic ordering of the material [5, 6] . In addition, by electrically controlled thermal heating of metals, fresh opportunities for thermoelectrically manipulating nanomagnets have been demonstrated [7] [8] [9] .
A significant nonequilibrium spin accumulation together with a highly inverted population of the spin-split electron levels such as may occur in nanosized heterocontacts between nonidentical magnets or in point contacts between a magnetic and a normal metal subject to an external magnetic field [10] [11] [12] [13] [14] offers a new area of research. Such an inverse level population makes it possible for the electrons to relax by a radiative spin-flip transition from the upper to the lower spin level as a photon is emitted. This paper is devoted to a detailed theory of stimulated light emission due to radiative electron spin-flip transitions in ferromagnetic point contacts. We will show that the optical gain opt g in a single point contact can reach values of 10 7 -10 8 cm -1 , which is orders of magnitude higher than in the best semiconductor laser materials. As discussed in Ref. 14 a laser device based on arrays of such point contacts is expected to have a gain of 10 6 -10 7 cm -1
. The high gain is due to an unconventional mechanism for the interaction between a spin and an electromagnetic field based on the magnetic exchange interaction and briefly discussed in Ref. 10 . The exchange interaction also leads to a large spin-level splitting and hence to a high frequency of the emitted radiation.
"Exchange-orbital" interaction between free electron spin and electromagnetic field
The Hamiltonian for electrons in a magnetically ordered conductor can be written as
Here 0( , ) H p r is the Hamiltonian of an electron in the absence of the exchange interaction, p is the electron momentum operator, r is the electron coordinate, 0 σ is the 2 2 × unity matrix, = ( , , )
x y z σ σ σ σ are Pauli matrices, and I is a vector directed along the magnetization with a magnitude given by the exchange energy. According to Eq. (1) the dispersion law for electrons with spins up/down is
where ( ) ε p is eigenvalue of the spin-independent Hamiltonian 0( p, ). H r The spin-split energy levels presented in the above equation allows a resonant electron-photon interaction in which a photon is emitted or absorbed by an electron undergoing a spin-flip. As the photon momentum is negligibly small, the electron momentum does not change in such a process and hence a radiative electron transition between the spin up E ↑ and spin down E ↓ energy bands is vertical. According to Eq. (2) the energy conservation law for vertical transition of electrons with emission of photons of frequency ω does not depend on the electron momentum:
It follows that if = 2 / I ω all "hot" electrons are in resonance with the electromagnetic field, and hence in a ferromagnetic metal with an inverse population of electrons (which can be created by injection of a spin-polarized current [10, 11, 15, 16] ), stimulated emission of light due to transitions of electrons from filled states in the upper band to empty states in the lower band is possible.
Conventional mechanisms of interaction of electron spins with an electromagnetic field are the Zeeman interaction and spin-orbit interaction
where g is the gyromagnetic ratio, B μ is the Bohr magneton, , e m are the electron charge and mass, respectively, c is the velocity of light, and em h and em E are the magnetic and electric components of the electromagnetic field. Both of these interactions are weak due to their relativistic nature. However, for practical applications it is desirable to use low magnetic and electric fields, and hence to have stronger interactions of the electromagnetic field with the spin.
For ferromagnetic conductors we suggest a more effective "spin-orbital-exchange" mechanism for the direct interaction between the electromagnetic field and the spins of conduction electrons [10] . This mechanism is electrostatic in origin and based on the dependence of the exchange interaction (between conduction and localized electrons) on the conduction electron momentum p (see, e.g., Ref. 17) .
This exchange interaction, being a many-body effect, has to do with the overlap of the wave functions of the conduction electrons and the magnetic subsystem. A change of the conduction electron momentum affects the overlap and results in a change of the exchange energy. Therefore, the exchange energy in the Hamiltonian (1) may be written as ( ), I p where in the presence of an electromagnetic field described by a vector potential A the momentum operator p must be changed to ˆ( / )A.
e c − p Expanding the exchange interaction to linear order in A, the Hamiltonian (1) is transformed into an effective Hamiltonian
where the perturbation term can be written as
if we omit the term 0ê mc σ ⋅ A p which does not flip spins (summation over repeated indices is implied).
Using the effective Hamiltonian (6) one finds the energy of an electron in a magnetically ordered conductor under an electromagnetic field to be
where
The second term in Eq. (8),
couples the spin and the momentum of the electron, and being proportional to the exchange interaction gives rise to a relatively large peculiar spin-orbital interaction -"exchange spin-orbital interaction". Taking = ( / ) em A c h ω and estimating the derivative in Eq. (10) as 
which means that the exchange-spin-orbital interaction is two orders of magnitude stronger than the Zeeman interaction Eq. (4). If the injected electrons are prepared in such a way that their spins are not parallel to the magnetization in the active region, the Hamiltonian (6) produces spin-flips and hence stimulates radiative transitions of hot electrons from the upper to the lower energy band.
A microcontact between two different magnetic metals results in a "focusing" of injected hot electrons in spin space -an effect known as spin-dependent electron tunneling [18] [19] [20] [21] . Due to this effect an excess spin density is accumulated in the point-contact region in conjunction with a concentration of the current. Under certain conditions such an accumulation is accompanied by an inverse populations of the spin-split energy levels [10, 11, 15, 16] . If this is the case, we show that electron-photon scattering results in generation of coherent photons, which leads to an enhancement of the electromagnetic field propagating through the point contact. This effect has been observed experimentally [11] . Recently, photon emission from ferromagnetic metal junctions was also observed [22, 23] .
In Sec. 3 below we will outline the formalism to be used for calculating the electrical current through a point contact.
Formulation of the problem
The system under consideration is a point contact between two ferromagnetic metals (labelled 1 and 2 in Fig. 1 ) under electromagnetic irradiation. The exchange energies and magnetization directions in the metals are assumed to be different as is illustrated in Fig. 1 . We furthermore consider the point contact to be in the diffusive transport regime, so that the elastic mean free path 0 l is much shorter than the characteristic size d of the contact.
In order to calculate the electrical current through the point contact (PC) one needs to find the distribution functions (1, 2) ( ) f σp r of electrons in metals 1 and 2 to the left and right of the constriction, respectively (see Fig. 1 ), where p is the electron momentum and = 1 σ ± is the electron spin. In each of the metals these functions satisfy the Boltzmann equations: 
are the electron dispersion laws inside metals 1 and 2; 1,2 I are the electron exchange energy in metal 1 and 2, 
The electrical potential ( ) ( ) s Φ r can be found from the electrical neutrality condition,
supplemented with the boundary conditions
where F n is the Fermi function and V is the bias voltage. In the case that the electromagnetic field has a large amplitude the interaction of electrons with photons may be treated semi-classically, which allows the electron-photon collision integral to be written as (17) we assumed the energy δ-function to be broadened due to the spin-flip processes of the spin relaxation rate .
sf ν According to Eqs. (7) and (11), the modulus of the matrix element s W is equal to
where the constant 1, b ∼ the unit vectors 1 e and 2 e are directed along the magnetization in metals 1 and 2.
To facilitate explicit calculations we will consider a simplified geometry, approximating the point contact by a cylindrical channel of length L and diameter d, with 0 . L d l The boundary conditions for electron distribution functions ( ) s f σp at the interface between metals 1 and 2 can be written as (1) (2)
(2) = ( 1 ) . 
x y p p p , the z axis is along the channel) are the momenta of the incident and reflected electrons, respectively; the momentum of the transmitted electron p is determined by the energy conservation condition, 1,2 2,1 ( ) = ( ). E E σ σ p p Away from the contact region, the current spreads over a large volume so that its density decreases and the electron system is essentially in equilibrium at distances
As d L we will use the additional boundary conditions (1, 2) (1,2) (12) (20) where ( ) ( ) s σ α p r is the probability that an electron emanating from far inside the ferromagnet ( = z −∞ ) diffuses elastically to reach point r in metal s with momentum p, the concrete form of the electrical potential 0 ( ) φ r inside the point contact is not important in the limit .
F eV ε The distribution functions (2) f σp are sketched in Fig. 2 . To linear approximation in the parameter 0 / 1, l d it follows from Eqs. (12) and (19) that this probability can be written as
The isotropic part of ( ) s σ α p satisfies the diffusion equation
with the boundary conditions (1) 
in the vicinity of the interface between the two magnetic metals the effective boundary conditions are [3, 11] Clearly, the difference between the densities of spin-down and spin-up electrons, 
> . (22) if the transparency of the interface is assumed to be small, 1.
Solving the diffusion equation (21) with these boundary conditions one finds (1) (1)
Spin accumulation in the point contact
If electrons are injected from metal 1 (i.e., if > 0) eV the numbers of "hot" electrons with spin up and down are
where ( 
where 0 F F n ≈ ν ε is the conduction electron density in the normal metal ( F ν is the electron density of states at the
Fermi level ).
F ε Therefore the total number of "hot" electrons in the normal-metal side of the contact is (2) (2) (2) tr 0 tr
As can be seen from Eq. (26) the induced magnetic moment corresponding to the net spin density accumulated in the same region is
Notice, that the ratio tr tr / β γ determines the effective spin of an injected electron, (2) 
and, therefore, is a measure of the spin polarization of the "hot" electrons.
Thus the spin accumulation inside PC by the applied voltage V produces an additional magnetic moment inside the PC. If d is of the size of several hundred nm and tr 0.3, β ≈ which corresponds to a nearly ballistic PC, , l d ∼ and the spin polarization of 30% at the ferromagnetic/nonmagnetic (F/N) interface, one has 6 9 10 ; 10 .
As one sees from Eq. (24), the dependence of 
Photocurrent
As the photon momentum is orders of magnitude smaller than that of electrons in metals the change of the electron momentum under electron-photon scattering can be neglected and hence the main contribution to the photocurrent flowing through the point contact under electromagnetic irradiation is due to the changes in the electron density of states produced by vertical spin-flip transitions (in the energy-momentum space) by the photon field (see Fig. 1 ).
In order to find the photocurrent we first solve the Boltzmann equation (12) for the photon-induced change 
Using Eqs. (23) and (24) in Eq. (31) one obtains the total current ( ) I V in a diffusive point contact under irradiation as
Here s R ( = 1, 2 s ) is the "dark" contact resistance due mainly to the impurities, while the relative change of the point-contact resistance caused by the irradiation is
− . This exceeds the increment and the optical gain that can be achieved in conventional semiconductor lasers by orders of magnitude and hence an array of such magnetic point contacts can be used as the active area of powerful lasers [14] .
Conclusions
In conclusion we have shown that by employing a ferromagnetic metal point contact as the optically active medium in a laser device the frequency of the generated coherent light can be in the desirable terahertz region while at the same time the optical gain can be increased by several orders of magnitude compared to conventional semiconductor laser materials. A possible problem is a too strong probability for a nonradiative decay of the population in- version of spin-split electron energy levels through the excitation of magnons. In order to avoid this problem we suggest to use ferromagnets with a sufficiently low magnetic exchange energy (Curie temperature) so that the electron-magnon relaxation length exceeds the point-contact diameter.
We emphasize that the theoretical approach used here is only valid in the weak electron-photon scattering limit and hence not strictly applicable if the intensity of the electromagnetic field is too high. Nevertheless, a preliminary analysis shows that the inverse spin population is preserved and that coherent laser light is generated also in this limit. However, since in this case many electron-photon scattering events can take place as an injected electron moves diffusively back and forth in the contact region, Eqs. (34)-(38) which relate the rate of photon generation to the electronic transport characteristics do not hold. A new theoretical approach should be developed in this limit of intensive electron-photon scattering which should assist the analysis of strong laser generation in ferromagnetic point contacts.
